The autocorrelation of angle resolved photoemission data from the high temperature superconductor Bi 2 Sr 2 CaCu 2 O 8 shows distinct peaks in momentum space which disperse with binding energy in the superconducting state, but not in the pseudogap phase. Although it is tempting to attribute a nondispersive behavior in momentum space to charge ordering, a deconstruction of the autocorrelation reveals that the nondispersive peaks arise from the tips of the Fermi arcs, which themselves do not change with binding energy.
A central issue in condensed matter physics is the competition between different order parameters. This competition is most dramatic in the transition metal oxides which show a rich variety of insulating, conducting, magnetic, and superconducting phases. In the case of the high temperature cuprate superconductors, the situation is particularly interesting, with a mysterious pseudogap phase lying between the insulating state at zero doping and the d-wave superconducting state. It has been suggested that a hard-todetect order might underlie the pseudogap phenomenon, and recent Fourier transform scanning tunneling spectroscopy (FT-STS) experiments [1] [2] [3] on Bi 2 Sr 2 CaCu 2 O 8 have been interpreted in terms of local charge ordering in the pseudogap phase.
We address this question using a novel autocorrelation analysis of angle resolved photoemission spectroscopy (ARPES) data. We first demonstrate that the highly dispersive vectors observed in the superconducting state FT-STS originate from the high density of states at the end of the constant energy contours (''bananas'') [1, 2, 4] . Next, we show that the locus of low energy excitations in the pseudogap state, the ''Fermi arcs'' [5] , are essentially independent of energy [6] . This remarkable fact is shown to lead to nondispersing peaks in the ARPES autocorrelation, in detailed agreement with FT-STS [3] . We do not find any evidence in ARPES of charge ordering in the pseudogap phase, nor do we need to invoke it to understand the dispersionless autocorrelation peaks.
We analyze ARPES data by looking at the autocorrelation Cq; ! P k Ik q; !Ik; ! of the ARPES intensities Ik; !, i.e., the correlation of intensities at two different momenta, separated by a momentum transfer q, at a fixed energy. We shall show that the autocorrelation, which is effectively the momentum-resolved joint density of states, gives us important new insights into both the superconducting and pseudogap states. Cq; ! exhibits discrete spots in q space which can be directly related to recent FT-STS results [1] [2] [3] . We note that the ARPES autocorrelation does not require any theoretical modeling for its interpretation and the observed q-space pattern can be directly interpreted from the measured ARPES intensity. By restricting the autocorrelations over specific regions of the intensity maps, we can unambiguously determine the origin of those spots.
The k sum in the definition of the autocorrelation can be handled in one of two ways. In the first method (A) we take both k and k q within the first Brillouin zone. Hence the number of data points in the sum contributing to a given q decreases with increasing jqj, and we compensate for this by normalizing with the number of points used in the sum. The second method (B) is to impose periodic boundary conditions in k (i.e., a repeated zone scheme) although we do not focus on these results here for reasons discussed later.
We show data on single crystals (grown using the floating zone method) and thin films (made by rf sputtering technique) of Bi 2 Sr 2 CaCu 2 O 8 . The samples were mounted with the Cu-O bond direction parallel to the photon polarization, and cleaved in situ at pressures below our measurement limit of 2 10 ÿ11 Torr. The 22 eV incident photons were not aligned along a mirror plane to avoid strong selection rules. Measurements were carried out at the Synchrotron Radiation Center in Madison, Wisconsin, on the U1 undulator beam line, at 2 meV intervals, using a Scienta SES 2002 electron analyzer. The energy resolution was 15 meV and the k resolution was 0:0036 A ÿ1 for the thin films, and 0:01 A ÿ1 for the single crystals along the multiplexing direction of the detector, and 0:02 A ÿ1 along the perpendicular direction in both cases. The k resolutions along the detector cut are comparable to or better than that of FT-STS, which for the largest field of view studied is about 0:01 A ÿ1 . The data were taken in the Y quadrant to minimize superlattice effects. The raw data covered the full quadrant (for Fig. 2 ) and one-half of it (for Figs. 1 and 3) . The intensity map in the whole Brillouin zone was reconstructed by reflections, using interpolation to a uniform grid. The large background emission in ARPES reduces the contrast in the autocorrelation maps. We deal with this by simply zeroing out the intensity once it falls below a given threshold value, which is 20% of the maximum intensity (for a given !) for the superconducting phase and 38% in the pseudogap state. We have checked the choice of threshold does not affect anything other than the contrast in the autocorrelations. Finally, the spectra were normalized at high binding energy (500 meV) to minimize the effect of the dipole matrix elements.
In Figs. 1(a) and 1(b) we show the ARPES intensity maps, Ik; !, as a function of the momentum k in the first zone, for two different choices of the binding energy !. These data are obtained for an optimally doped single crystal sample (T c 90 K) in the superconducting state (T 40 K). (We obtain similar results for the thin film samples, which are not shown here for brevity.) The characteristic ''banana'' shapes of the constant energy contours due to the d-wave energy gap can be clearly seen. We note two very important features: (i) the extent of the bananas increases with increasing binding energy, and (ii) the highest intensity points are located at the tips of the banana. In the right panels [Figs. 1(c) and 1(d)], we plot the autocorrelation of the ARPES intensities which exhibits discrete spots in q space that disperse with energy. We see that the spots in the autocorrelation in Figs. 1(c) and 1(d) can be directly correlated with those wave vectors q i that connect the tips of the bananas in the intensity map of Figs. 1(a) and 1(b), respectively. We also see that each of these q i vectors disperses as a function of the binding energy !. This is shown in detail in Fig. 1(e) for the vectors q 1 and q 5 along the bond direction, and in Fig. 1(f) for the vectors q 3 and q 7 along the zone diagonal. The dispersion of the autocorrelation spots follows the evolution of the tips of the bananas with !.
Remarkably, these q i vectors are in quantitative agreement with those obtained by the Davis group [1, 2] , and therefore confirm that the ''octet'' model [4] used to explain the FT-STS results does indeed describe the regions of highest joint density of states. It is surprising that FT-STS shows the same q vectors, given that the formula used to theoretically model the FT-STS data,Im P kĜ k q; !Tk q; k; !Ĝk; ! 11 (whereĜ are Nambu Greens functions), that describes the scattering of electrons from the state k to the state k q by the scattering matrix T, is not mathematically equivalent to the simple autocorrelation used in our analysis. When we used periodic boundary conditions (method B) for our autocorrelation sum we observed additional umklapp peaks, e.g., at 2=a; 0 ÿ q 1 . Such peaks are not visible in the FT-STS data and are implicitly ignored in the ''octet model'' [4] . Thus we get good agreement with the superconducting state FT-STS data only if we use method A (see above) as opposed to B. We then continue to use the same procedure (A) in the remainder of this Letter. We now turn to the less understood pseudogap phase. This phase is characterized by Fermi arcs (gapless segments in k space) above T c [5] . In Fig. 2 we show data similar to Fig. 1 , but now in the pseudogap phase (T 90 K) of an underdoped thin film sample (T c 76 K). There are two significant features of the intensity plots in Figs. 2(a) and 2(b) . (i) The Fermi arcs do not significantly change with binding energy, and (ii) the intensity along the arc is fairly uniform and does not peak at the tips. Both of these features are in sharp contrast to the d-wave superconducting state bananas. The autocorrelation of these data along the bond direction is shown in Fig. 2(c) and exhibits clearly identifiable peaks near q 0:4=a; 0. Further, as shown in Fig. 2(c) , these autocorrelation peaks show very little dispersion, in marked contrast to the superconducting state results of Fig. 1 . Both the wave vector and its lack of dispersion are consistent with FT-STS results in the pseudogap phase [3] . We have obtained similar results for both thin film (Fig. 2 ) and single crystal (Fig. 3) samples at different temperatures and dopings, and therefore conclude that these results are general to the pseudogap phase. At higher energies, additional features appear in the autocorrelations from the pseudogapped regions of the zone.
We now use our intensity data to understand the origin of the dispersionless autocorrelation peaks seen in the pseudogap phase. We find that these peaks correspond to vectors connecting the ends of the Fermi arcs [5] , where there is a sudden onset of the pseudogap. This onset is sufficiently steep so the Fermi arcs have nearly constant length for all binding energies smaller than the pseudogap value. This gives rise to the dispersionless nature of the autocorrelation vectors. We arrive at this conclusion by truncating the intensity plots to include only the Fermi arcs, as shown for 0 and 20 meV in Figs. 2(d) and 2(e). We find that the autocorrelation of these data, shown in Fig. 2(f) , yields the same result as in Fig. 2(c) . Therefore, we conclude that q connects the ends of the Fermi arcs, rather than the parallel sections near the zone faces, whose faint traces can be seen in Figs. 2(a) and 2(b) . In any case the intensity in the straight sections is much too weak at low energies to produce the q peak.
The existence of q spanning the shorter distance between arc tips implies that a q spanning the longer distance between arc tips along the bond direction must also be present. This is indeed seen in our autocorrelation plot in Fig. 2(c) . The latter q was not reported in Ref. [3] , but has been seen recently [7] . We also find additional peaks along the diagonal direction, as shown in the autocorrelation surface plot in Fig. 3(d) . These originate from vectors analogous to q 3 and q 4 in the superconducting state, which span the ends of the arcs along or near the diagonal directions. We speculate that the differences with FT-STS data arise because large wave-vector signals are suppressed by the spatial extent of the STM tip and matrix elements suppress tunneling into states near the zone diagonal. We also note that in the superconducting FT-STS data the intensity of the q 3 and q 4 peaks drops sharply with reduced doping [8] .
While the octet models and variants have been proposed to explain the FT-STS observations in terms of scattering of electrons by impurities in the superconducting state [1,2,4,9,10], these models do not describe the pseudogap data [11] . On the other hand, an autocorrelation analysis of ARPES data does not require a model for its interpretation, which leads us to our most significant finding: all features, in both the superconducting and pseudogap cases, have a common origin in spite of the dramatic differences between the autocorrelation maps in the superconducting [ Fig. 3(b) ] and pseudogap [ Fig. 3(d) ] states. The peaks in the autocorrelation are always associated with the momentum-dependent high joint density of states. In the superconducting state, it is the high intensity at the ends of the bananas which lead to the autocorrelation peaks. In the pseudogap state there are many k points with reasonably high intensity near the tip of the arc, separated by nearly the same wave vector, which boosts the autocorrelation and leads to the q peak. The dispersionless q spots in the pseudogap phase have previously been interpreted as evidence for charge ordering [3, 12, 13] . We offer a different interpretation here. Charge ordering should lead to ''shadow'' bands, that is, images of the bananas or ''arcs'' translated by the presumed ordering wave vector q as indicated by the dashed curves in Fig. 3(c) . Even if the shadow features were very weak, there should have been a predicted [14] anomaly in the linewidth near the tip of the arc. We find no evidence for either shadow bands or linewidth anomalies. We can, however, simply understand the dispersionless q spots in terms of the constant length Fermi arcs, without invoking charge ordering. It is an interesting open question whether or not the low temperature FT-STS data on highly underdoped samples of a different material, Ca 2ÿx Na x CuO 2 Cl 2 [15] , can also be understood within this picture.
In summary, we use ARPES autocorrelations to gain insight into the superconducting and pseudogap phases of high T c cuprates and make direct connection with FT-STS data. The ARPES autocorrelation peaks arise from enhanced joint density of states both above and below T c . In the superconducting state, the strongly dispersing peaks are at q vectors which connect points of large density of states at the ends of the constant energy contours (bananas). In the pseudogap state, we find nondispersive peaks at q's joining the tips of the Fermi arcs. We find no direct evidence for charge ordering from our data, but can nevertheless directly relate the lack of dispersion of autocorrelation peaks in the pseudogap state to the remarkable energy independence of the Fermi arcs.
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